Ironwood (Casuarina equisetifolia subsp. equisetifolia) trees on Guam have been in decline since 2002. This study applied proportional odds logistic multiple regression modeling to a set of biological variables in order to find significant decline predictors as a first step towards identifying pathogenic contributors. Based on the analysis of a set of 77 medium and large trees, the bacterium Ralstonia solanacearum and the fungus Ganoderma australe species complex were found to be significant predictors, with p values of <0.001 and < 0.008, respectively. Their respective values for symptomless trees were 18% and 0%, compared to 80% and 35% for those nearly dead trees of which 30% had both organisms and 15% had neither. More complex models were also fit, that included interactions. The R. solanacearum by G. australe interaction was not a strong effect, indicating additive rather than multiplicative behavior of these effects on decline severity (p value>0.087). When nine covariates were applied univariately to a data subset of 30 tree cross-sections, the significance of R. solanacearum was strongly upheld while that of G. australe was moderately reduced. Also significant were percent cross-sectional area with bacterial wetwood and the formation of ooze within 24 h. Wetwood bacteria of Klebsiella spp. and K. oxytoca were found across all levels of decline and were not significant predictors. Other enteric bacteria identified included Kosakonia, Enterobacter, Pantoea, Erwinia, and Citrobacter.
Introduction
Casuarina equisetifolia subsp. equisetifolia, often referred to as ironwood, is indigenous to Southeast Asia, Malaysia, Northern Australia, Oceania (Potgieter et al. 2014 ) and possibly to Guam and the Northern Mariana Islands (Safford 1905) . Casuarina equisetifolia is considered an integral member of Guam's natural landscape (Stone 1970; Fosberg et al. 1979 ).
Pollen dating confirms its presence in Guam for hundreds of years (Athens and Ward 2004) . A 2002 forestry inventory reported ironwood among the healthiest tree species on the island, based on a survey of over 115,000 ironwood trees larger than 12.7 cm in diameter at breast height (DBH) (Donnegan et al. 2004) .
However, in the same year, a local farmer reported that five of his 10-year old ironwood trees, planted as part of a windbreak, exhibited symptoms of rapid yellowing and death. Cross-sections of these trees exhibited areas of wetwood that were dark, water infused, and radiated from their centers (Mersha et al. 2009; Mersha et al. 2010a; Schlub et al. 2011a ). Droplets of bacterial ooze appeared inside and outside the wetwood stained areas. More numerous at the farm, and appearing elsewhere on Guam, were trees with the same cross-sectional symptoms but accompanied by thinning foliage and a lethal progressive dieback. This latter condition is now referred to as ironwood tree decline (IWTD) (Mersha et al. 2009; Mersha et al. 2010a; Schlub et al. 2011a ).
At the time, the presence of ooze was attributed entirely to nonpathogenic endophytes associated with bacterial wetwood and none to the bacterial wilt pathogen, Ralstonia solanacearum. Though it was known that wetwood had been reported in Casuarina in Mauritius as well as in other tree species in Indonesia (Supriadi and Sitepu, 2001) , it had not been reported as a disease of Casuarina nor a symptom of bacterial wilt in China (Liang and Chen 1982) or India (Ali et al. 1991) . Other than causing a reduction in lumber quality, the presence of wetwood is generally considered benign (Ward and Pong 1980; Jeremic et al. 2004 ) and the result either of microbial activity (principally bacteria), injury, or normal aging (Ward and Pong 1980; Jeremic et al. 2004) .
Due to the belief that the observed bacterial ooze was composed of one or more species of wetwood bacteria and not R. solanacearum, other possible explanatory variables for IWTD were investigated. As a result of an island wide survey of 1427 trees, the level of management intensity, presence of basidiocarps, and termites were determined to be significant predictive variables (Schlub 2010; Schlub et al., 2011a) . A survey conducted in Guam and Saipan in 2010 led to the conclusion that the Ganoderma australe species complex was the basidiocarp most likely responsible for decline (Mersha et al. 2011; Schlub et al. 2012a) . In 2015, the prominent termite species infecting 93% of Guam's ironwood trees was determine to be Nasutitermes takasagoensis or a closely related species from the N. takasagoensis complex (Park et al. 2019) .
The discovery in 2010 that wood drill shavings and o o z e f r o m i n f e c t e d t r e e s t e s t e d p o s i t i v e f o r R. solanacearum using immunodiagnostic strips (Agdia, Inc.) (Mersha et al. 2010b; Schlub et al. 2011b; Schlub et al. 2012b ) led researchers to suspect that this bacterial wilt pathogen may in fact play a role in IWTD. The rich bacterial flora associated with wetwood made it difficult to obtain pure cultures of R. solanacearum (Ayin et al. 2013; Schlub et al. 2013) . Ayin et al. (2013 Ayin et al. ( , 2015 succeeded in purifying R. solanacearum as well as other bacteria from infected tree tissues using a semi-selective Ralstonia medium (mSMSA) (Engelbrecht 1994 ) and a modified Kelman's tetrozolium chloride medium (TZC) (Norman and Alvarez 1989) . Shortly thereafter, t h e s e a u t h o r s d e m o n s t r a t e d t h a t G u a m ' s R. solanacearum strains causes wilting and death in ironwood seedlings (Ayin et al. 2013; Ayin et al. 2015) . In addition to R. solancearum, Klebsiella spp. also dominated the cultures obtained from bacterial ooze emanating from diseased ironwood trees and were further identified as K. oxytoca and K. variicola (Ayin et al. 2013; Ayin et al. 2015) . In other forest tree species, Klebsiella spp. are thought to play a role in the formation of wetwood (Hartley et al. 1961; Jeremic et al. 2004) . With the failure of strains of Klebsiella to cause wilt of inoculated seedlings , Klebsiella spp. were dismissed as possible aggr essive pathogens of C. equisetifolia but were not ruled out as secondary or opportunistic pathogenic contributors to IWTD.
The primary cause or causes of IWTD remains elusive, yet in previous studies several possible biological variables have been identified. The aim of this study was to apply proportional odds logistic regression modeling to evaluate the significance of R. solanacearum and Ganoderma australe as predicators of IWTD. Additionally, we report the analyses of 30 tree cross-sections for K. oxytoca, ooze formation, and bacterial wetwood as predictors of decline.
Materials and methods
Tree selection, processing, and data analyses Seventy-seven ironwood trees were visually inspected, sampled, and growth measurements recorded. Trunk diameter in centimeters was determined at breast height (1.3 m) (DBH). Also determined was tree height in meters. Through visual inspection, decline severity (DS) was recorded as one of five ordinal categories based on fullness of branches and dieback (0 = symptomless, 1 = slight damage, 2 = distinctly damaged, 3 = heavily damaged, and 4 = nearly dead) (Schlub et al. 2011a) . The estimated percentage of bare branches associated with categories of DS for trees larger than 32 cm DBH are 0, 9, 49, 67, and 98, respectively (Schlub et al. 2011a ). Trees were selected randomly from 15 sites, of which 10 sites were used in previous studies ( Fig. 1) (Schlub 2010; Schlub et al. 2011a; Schlub et al. 2011b) . Each tree was examined for presence/ absence of the wood-rot fungus G. australe species-complex based on basidiocarp morphology. Tree drill shavings were assayed for R. solanacearum using R. solanacearum-specific immunostrip tests kits manufactured by Agdia Inc. of Elkhart, Indiana, USA (catalog number: STX 33900 and ISK 33900) . The test kit consisted of a sample extract bag containing 3 ml of BEB1 buffer and a test strip. The procedure involved placing 150 mg of wood shavings in the extract bag, mixing thoroughly, dipping the end of the test strip into the solution, and then waiting for the appearance of a colored test line.
Secondly, a 30-tree subset of the original 77 trees was selected for further analyses. Symptomless trees and those with IWTD symptoms were sampled among the windbreaks on Mr. Bernard Watson's farm that formed part of the initial decline report in 2002. Site and soil descriptors included slope of 3-7 degrees, parent material coralline limestone, map unit Guam cobbly clay loam, and family clayey, gibbsitic, nonacid, isohyperthermic Lithic Ustorthents (Soil Survey Staff 2015). Using a chainsaw, trees were felled with a transverse cut 51-76 cm above the ground, followed by an additional cut to flatten the stump and clean the blade of any debris from previous cuts. Approximately 12 cm of bark was removed from the top of the stump. For analysis, a single 2.5-5 cm crosssectional disc/slice was removed from the top of each stump. To remove debris, cross-sections were wiped with a clean, moist paper towel.
Under laboratory conditions, cross-sections were photographed, sampled for bacteria, and examined for evidence of bacterial wetwood and G. australe wood-rot. Percent wetwood area was based on those areas that exhibited dark discoloration that radiated from the center of the section. Additionally, these areas had one or more of the following characteristics: higher moisture than adjacent tissue, a dark line of demarcation at its outer edge, and the presence of ooze. Cross-sections were examined for differences in ooze formation as a means of distinguishing ooze from R. solanacearum from that from wetwood bacteria. The presence or absence of ooze within 24 h was determined (ooze initiation). Ooze was recorded as one of three types: i) a viscous white to off-white substance (VO); ii) a watery, amber ooze (WO); or iii) a mixture of types i and ii (MO). Ooze quantity was recorded as the amount of ooze formed within 72 h: none, slight (less than 10 single drops) or abundant (10 or more single drops). For statistical purposes, the quantity score assignments were 0, 1, and 4, respectively. Evidence of G. australe wood-rot included soft white rot or the presence of mycelial strands characteristic of G. australe.
Within 24 h, tree ooze and drill shavings were collected from cross-sections for bacterial analyses. Drill shavings from six holes (2-3 cm deep and 0.5 cm in diameter, into the center, middle, and outer areas of each tree cross-section) were collected. Ralstonia solanacearum immunostrip testing was conducted on samples: either 150 mg of wood shavings, 80 μL of water from soaked drill shavings or a droplet of ooze. Shavings (2 g) from each hole were placed into 6 ml of sterile water. Two 1 ml subsets were transferred to 1.5 ml Eppendorf microcentrifuge tubes for shipment to Hawaii. When present, ooze was scrapped from cross-sections and transferred to two Guam ironwood tree (Casuarina equisetifolia) survey map, 15 sites in the current study (shaded), 10 were a part of a previous survey of 38 sites, in which averages of decline severity (DS) were determined, DS = 0 (symptomless) to 4 (nearly dead) (Schlub et al. 2011a) empty 0.1 ml Eppendorf microcentrifuge tubes for shipment. In both cases, the two tubes constituted a set for culturing and another for LAMP assay. The LAMP assay sample sets were treated in a simmering water bath for 10 min in an attempt to stop bacterial growth while preserving DNA.
The analysis of the ironwood decline data was performed using proportional odds logistic regression. An excellent introduction to these models can be found in Agresti (2019) . The choice of the proportional odds logistic regression model was based on the fact that there were five ordinal levels of the response category IWTD. The statistical models and analyses were generated using SAS software, Version 9.4.
Isolation, purification, DNA extraction of bacteria
Culturable water samples were vortexed for 1 min, then two to three loopfuls of the suspension were dilution streaked onto petri plates containing modified TZC medium (Norman and Alvarez 1989 ; 17 g/L agar, 10 g/L peptone, 5 g/L glucose and 0.001% 2, 3, 5-triphenyl-tetrazolium chloride) and then incubated at 26°C (± 2°C). To the culturable ooze samples, 100 μl of sterile deionized water containing 25 mg/L cycloheximide was added before vortexing and streaking. Two types of colonies were saved for further purifications: i) those resembling the raised, white colonies of Klebsiella with red to crimson centers and transparent margins and ii) colonies that did not appear to be Klebsiella but were similar enough in morphology to warrant further purification. Cultures were considered pure after a minimum of three successive single-colony isolations were achieved through dilution streaking onto TZC plates. Purified strains were cultured on peptone glucose medium (17 g/L agar, 10 g/L peptone, 5 g/L glucose) for short term storage at 4°C and transferred to 1% w/v tryptone, 0.5% w/v yeast extract containing 15% v/v glycerol for long term storage at −80°C.
DNA was extracted from cultures using either Tris-EDTA buffer or a DNA purification kit. The buffer extraction consisted of taking a loopful of a single agar colony and placing it into 1 mL of Tris-EDTA (Tris-HCL C 4 H 12 ClNO 3 , disodium ethylenediaminetetraacetate: Na 2 C 10 H 14 0 8 N 2 . 2H 2 0) buffer (10 mM Tris-HCL; pH 7.5, 1 mM EDTA; pH 8.0) and heated for 10 min at 95°C in a heat block. The DNA purification kit consisted of growing a culture for approximately 10 h in yeast extract broth (0.8% w/v peptone and 0.01% w/v yeast extract) and then extracted using the Wizard Genomic DNA purification kit (Promega, Corp., Madison, WI) following the manufacturer's instructions. DNA extracted using both methods was quantified with a Nanodrop ND-100 Spectrophotometer (NanoDrop technologies, Inc., Rockland, DE) and adjusted to approximately 20 ng/μL with Tris-EDTA buffer.
Presumptive identification of enteric bacteria and phylogenetic tree
Purified strains were designated Gram negative or Gram positive based on the potassium hydroxide test (Gregersen 1978) . Oxidation-fermentation tests (Hugh and Leifson 1953) were performed in 96 well plates containing 200 μL of Difco OF basal medium (Becton, Dickinson and Co., Sparks, MD) supplemented with 1% glucose. Oxidase tests (Gordon and McLeod 1928) were performed on isolates transferred to glass slides with toothpicks. Single drops of oxidase reagent (Becton, Dickinson and Company, Sparks, MD) were added to the slides. Since culturing R. solanacearum is difficult in the presence of wetwood bacteria, tree samples were assessed for the presence or absence of R. solanacearum by LAMP assessment of the heat-treated samples.
The 16S rDNA PCR was carried out in a 10 μL reaction containing 5 μM of the primer pair fd1 (5′-AGA GTT TGA TCC TGG CTC AG-3′) and rp2 (5'-ACG GCT ACC TTG TTA CGA CTT-3′) (Weisburg et al. 1991) , 1X Jumpstart REDtaq Ready Mix (Sigma-Aldrich, St. Louis, MO) and 1 μL of purified DNA (~20 ng). PCR amplification reaction conditions were as follows: a denaturing step at 94 0 C for 7 min, followed by 30 cycles of 94 0 C for 30 s, 55 0 C for 1 min, 72 0 C for 2 min, with a final step at 72 0 C for 2 min to allow for elongation of all PCR products. PCR products were verified by gel electrophoresis on a 1.5% agarose gel stained with ethidium bromide. For sequencing, excess primers and nucleotides were removed using ExoSap-It (Affymetrix Inc., Santa Clara, CA) according to the manufacturer's instructions.
The phylogenetic relationships between the putative Klebsiella strains isolated from ironwood tissues and known Klebsiella strains as well as related species were determined by 16S sequence analysis. Comparisons were also made with Klebsiella strains A6125-A6128 previously isolated in Guam (Ayin et al. 2013) . Sequencing was performed at the Biotech Core facility, University of Hawaii at Manoa. Trees were rooted using an orthologous sequence from Vibrio cholerae strain ATCC 14035 (NCTC 8021) while reference strain sequences were obtained from the National Center of Biotechnology Information database. The analysis involved 53 nucleotide sequences. Codon positions included were 1st + 2nd + 3rd + Noncoding. There were a total of 1517 positions in the final dataset. The evolutionary history was inferred using the Maximum Parsimony method in MEGA X (Kumar et al., 2018) , applying the Subtree-Pruning-Regrafting (SPR) algorithm with search level 1 in which the initial trees were obtained by the random addition of sequences (10 replicates).
Five strains representing different genera, identified through 16S sequence analysis, were further characterized. BIOLOG identification scores were obtained using BIOLOG Gen III plates, MicroStation reader and database (BIOLOG, Hayward, CA, and U.S.A). Identification scores for the API system required access to the API online identification website (API web, https://apiweb.biomerieux.com). An immunoblot assay was performed on the purified isolates (Kaneshiro 2003; Alvarez et al. 2005) with modifications (Yasuhara-Bell et al. 2015) . Immunoblots were analyzed with the aid of a dissecting scope. LAMP reactions were performed using previously established primers and protocols (Yasuhara-Bell et al. 2015) . Primers developed specifically for K. oxytoca and K. variicola were used individually with 5 μL of DNA extracted with Tris-EDTA or purification kit. LAMP reactions were run using an iQ5 Multicolor Real-Time PCR detection system (Bio-Rad, Hercules, CA) for 40 min at 65°C, with fluorescence readings at 30-s or 1-min intervals.
Results

Tree survey and analyses
The presence of both R. solanacearum and G. australe was widespread across Guam. At the 15 survey sites used in this study ( Fig. 1) , 11 were positive for R. solanacearum and 7 for G. australe. At least one of these organisms was found in sites that had a decline severity level of 1 or greater in 2009 ( Fig. 1) . From a summary of the 77-tree data set (Table 1) , the frequency of R. solanacearum and G. australe increased both singularly and together with increased decline severity. Ralstonia solanacearum was found in 18% of the symptomless trees, while neither organism was found in 15% of the nearly dead trees. The trees' DBH and height, ranged from 15 to 79 cm to 4-21 m, respectively.
A proportional odds logistic regression model using 77 trees was fit with the covariates DBH, R. solanacearum and G. australe. The DBH (p = 0.33), as well as height (p = 0.25), were found to be non-significant predictors of decline, whereas G. australe was found to be significant (p < 0.008) and R. solanacearum was found to be highly significant (p < 0.001). As a further note of goodness-of-fit, the proportional odds model chi-square yielded a good fit (p > 0.18). Interaction effects were also explored. The R. solanacearum by G. australe interaction was not a strong effect, indicating an additive rather than a multiplicative behavior of these effects on decline severity (p value>0.087). Further, the results can be interpreted such that if a tree exhibits Ganoderma basidiocarps, the odds of that tree being symptomless on the ordinal scale (DS 0-4) is reduced by 75%, when R. solanacearum is held fixed. If G. australe is held fixed and a tree tests positive for R. solanacearum, the odds of that tree being symptomless is reduced by 78% in comparison to the absence of R. solanacearum. Said differently, the reciprocal of the odd-ratios states that the odds of a symptomless classification is estimated to be approximately 4.5 times greater when a tree tests negative for R. solanacearum, holding G. australe fixed and 4.0 times greater when a tree tests negative for G. australe, holding R. solanacearum fixed.
It is also interesting to look more closely at the estimated response category probabilities from a model involving only R. solanacearum and G. australe. The following values were obtained using a model based on AIC 235.6, which only considers their main effects to model the ordinal disease response scale (DS 0-4). The estimated response category probability profiles were (0.41, 0.24, 0.16, 0.11, and 0.08) with both absent; (0.15, 0.17, 0.21, 0.23, and 0.25) when only G. australe was present; (0.14, 0.16, 0.20, 0.23, and 0.27) when only R. solanacearum was present; and (0.04, 0.06, 0.10, 0.20, and 0.60) when both were present. These values clearly show how DS leans towards higher levels, when either or both are present and in the opposite direction if neither are present. If the model were to include DBH or Height, the AIC value would be slightly larger (unfavorable). Including the interaction term between R. solanacearum and G. australe did improve AIC slightly (234.1), but as stated the term was not statistically significant.
Tree cross-sections and analyses
Increases in IWTD severity was linked to increased wetwood and ooze formation. In sites with high decline incidences, it is not uncommon to find a heavily damaged tree (DS = 3) with a cross-section showing severe wetwood and heavy ooze formation next to a slightly damaged tree (DS = 1) with a crosssection containing no wetwood or ooze (Fig. 2) . In DS = 3-4 a Decline severity, DS = 0 (symptomless) to 4 (nearly dead) b Highly significant predictor of decline with proportional odds logistic regression level trees, ooze often appeared on the surface of crosssections immediately after cutting and, in some cases, the cut sections continued to ooze for another 3 days. When wetwood was present in DS = 0 trees, it was limited to the heartwood and had little or no ooze associated with it ( Fig. 3) . When Ganoderma wood-rot and wetwood occurred in the same tree, the wetwood area was always larger than that of wood-rot ( Fig. 4a ). Wetwood often formed at the advancing edge of mycelial growth and cross-sections with G. australe often produced fresh mycelial growth after three to 4 days in a moisture chamber (Fig. 4b) . Three forms of ooze were observed: viscous ooze (VO), watery amber substance (WO), and mixtures of the two (MO) (Fig. 5) . Drops of VO often tested positive for R. solanacearum and were most common in the sapwood and in unstained tissue. Drops of WO often tested negative for R. solanacearum and were most common in the heartwood-sapwood transition zone and in stained tissue. Drops of VO and MO were not randomly distributed, but appeared to coincide with growth rings (Fig. 2c) . The analysis of the 30-tree data subset showed trends for increased presence of R. solanacearum, G. australe, wetwood, and ooze initiation with increased severity of ironwood decline (Table 2) . Ralstonia solanacearum, G. australe, and wetwood and ooze initiation were recorded in 87%, 33%, 93%, and 83% of the tree cross-sections across all levels of decline, respectively, of which symptomless trees contributed 7%, 0%, 17%, and 7%, respectively. The percentage of trees testing positive for R. solanacearum was the same using the Agdia immunostrip, LAMP, and culturing methods. Samples from 16 different trees were positive for K. oxytoca and occurred across all levels of decline. Klebsiella colony types not identified as K. oxytoca also occurred across all levels of decline.
A proportional odds logistic model was fit with nine covariates identified in Table 2 . Due to the relatively small sample size, covariates were fit individually, as it is unrealistic to assume that 30 observations could steer nine parameters for five ordered categories. Nonetheless, these univariate models can be insightful for main effects of regressors that are associated with decline. With an increased sample size, multiple regression models with and without interaction terms could further be explored. Note that the exploration of the R. solanacearum by G. australe interaction is not possible for the reduced data set, since there were no data (zero counts across all DS levels) for the R. solanacearum absent and G. australe present combination. Three covariates were found to be highly significant: percent wetwood, ooze initiation, and R. solanacearum, whereas the significances of G. australe was borderline (Table 3) . It is interesting to note that R. solanacearum significances in the 77-trees model was upheld, while that of G. australe was reduced. In all cases, the proportional odds model satisfied the chi-square goodness-offit (p > 0.60). Table 3 shows that as the percent wetwood in a section increased by one unit, there is an estimated 5.5% decrease in the odds of falling into the healthy direction (relative to the unhealthy direction). Additionally, with the presence of R. solanacearum, G. australe and the early initiation of ooze, there was an estimated 97.8%, 76%, and 94.2% decrease in the odds of falling into the healthy direction (relative to the unhealthy direction), respectively.
Bacterial isolations and identifications
Numerous bacterial colony types were observed on culture plates containing TZC (Fig. 6) . Seventy-five isolates that displayed morphologies sufficiently similar to Klebsiella (mucoid, raised) colonies, with smooth margins with or without crimson centers, were obtained (Fig. 6a) . After further colony development and inspection, 30 potential Klebsiella isolates were identified. Three tests used for initial presumptive identification of enteric bacteria indicated that the 30 strains were Gram negative, oxidase negative and fermented glucose. All 30 of these cultures were negative when tested by LAMP using K. variicola specific primers. It was determined that colony growth on TZC is not a reliable means to identify R. solanacearum when wetwood is present due to similarities in colony morphology with Klebiella and other wetwood bacteria (Fig. 6b ). In addition, when TZC was used with mixed cultures, Klebiella spp. masked the less prolific and slower growing R. solanacearum.
The phylogenetic relationships among the 30 putative Klebsiella, S-strains (Schlub strains) from the current study and four A-strains (Alvarez strains) obtained previously were determined by 16S sequence analysis (Fig. 7) . The phylogeny showed that the cultures were closely related to six different genera: Kosakonia, Enterobacter, Pantoea, Erwinia, Citrobacter, and Klebsiella. Of the 34 cultures, four were closely related to K. variicola and five to K. oxytoca. Three of the strains (S69-1A1, S98-3A1, S105-1A1) were related to Enterobacter cloacae a wilt pathogen of mulberry (Morus alba) in China (Wang et al. 2008) .
A subset of the above strains was selected for further testing (Table 4 ). The Microlog™ multi-substrate metabolic analysis confirmed the 16S results for strains S75-2A1, S34-1A1, and S50-3A1 as Pantoea, Enterobacter, and Citrobacter, respectively. Though S73-1A1 was identified as Klebsiella by16S rDNA sequencing, the API NE test and Microlog™ indicated that it is more likely Enterobacter. In addition, the strain also was motile and unable to ferment lactose on MacConkey agar (MacConkey 1990) . Though strain S38-1A1 was identified as Erwinia by 16S rDNA sequencing and by its updated genus name Pectobacterium with Microlog, it could possibly be Klebsiella because the strain was non-motile and positive for lactose fermentation (Brenner et al. 2005) . 
Discussion
Ganoderma, a genus of more than 300 species of wooddecaying fungi, has been reported as a wood decay pathogen of C. equisetifolia throughout its natural habitat and in many areas where ironwood has been introduced including Mexico (Cibrián et al. 2007), India (Bakshi 1951; Mohanan and Sharma 1993; Foroutan and Jafary 2007) , Pacific islands (Kohler et al. 1997) , Indonesia and Malaysia (Glen et al. 2009 ). Unfortunately, reports of pathogenicity are often based on the presence of fruiting bodies on living trees and not supported by Koch's postulates. Though completing Koch's is beyond the scope of this study, evidence to support G. australe as a likely causal agent includes the presences of fruiting bodies in IWTD tree sites, the significants of fruit bodies as predicitors of decline in the study and previous studies (Schlub 2010; Schlub et al., 2011a) . In addition, examination of cross-sections showed colonization by G. australe is not limited by the non-living heartwood, but extends into live sapwood (Fig. 4) , which is indicitive of a pathogen.
Ralstonia solanacearum is a widespread bacterial pathogen that infects more than 200 hosts, comprising 53 botanical families (Hayward 1991) . Genetic diversity in a global collection of R. solanacearum strains has led to the characterization of R. solanacearum as a species complex (Fegan and Prior 2005) . Strains of R. solanacearum have been reported to cause bacterial wilt of ironwood in several countries including India (Ali et al. 1991; Mohanan and Sharma 1993) , China (Liang and Chen 1982) , and Mauritius (Orian 1961) . Though isolates of R. solanacearum were found to be pathogenic on tomato and ironwood seedlings , the ironwood trees from which the isolates were collected had symptoms of IWTD and not those of bacterial wilt reported in India (Ali Fig. 7 Maximum Parsimony tree derived from 16S sequence analysis of 34 bacterial isolates from ironwood trees. Those with S numbers were derived from the current study (GenBank accession numbers MK968734-MK968763), whereas A6125-A6128 were from a previous study . The bootstrap consensus tree, inferred from 2000 replicates, is taken to represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test are shown next to the branches Fig. 6 Bacterial colony types streaked from ironwood tree (Casuarina equisetifolia) tissue on to tetrazolium chloride medium (TZC) (a) Purified Klebsiella species, note the rounded, raised, pink colonies with white borders; (b) colonies from raw bacterial wetwood ooze Mohanan and Sharma 1993) or China (Liang and Chen 1982) . With IWTD, death is gradual, often taking years. It usually appears at the onset of reproductive maturity, is frequently associated with wetwood and G. australe heartwood rot and is most frequently found in windbreaks and landscape planting (Schlub et al. 2011a; Schlub et al. 2012a ). The typical reports for bacterial wilt include rapid death, often within weeks of onset. It usually first appears at the young saplings stage and is mainly associated with densely planted plantations or nurseries (Liang and Chen 1982; Ali et al. 1991) .
In a previous study using BOX-PCR profiling (Kogan et al. 1987; Saitou and Nei 1987) , little genetic diversity was revealed among R. solanacearum strains isolated from ironwood in Guam . The Guam ironwood strains were assigned as phylotype I , which are thought to have originated in Asia (Fegan and Prior 2005) . Interestingly, R. solanacearum strains isolated from Guam ironwood displayed RIF marker (dnaA) (Schneider et al. 2011 ) sequence similarities to a R. solanacearum strain isolated from ironwood in China . The genetic diversity of R. solanacearum strains infecting ironwood in Guam merits additional investigation.
In this study, the presence of ooze in cross-sections is attributed to infection by the bacterial wilt pathogen R. solanacearum and/or by bacteria from at least six wetwood genera within the family Enterobacteriaceae. This group of closely related, glucose-fermenting, gram negative rodshaped bacteria, that are abundant in soil, water, plants, and the intestines of animals. The wetwood bacteria isolated from ironwood tissues in this study, with and without wetwood, were also isolated from other woody tree species in previous studies (Hartley et al., 1961; Tiedemann et al. 1977; Schink et al., 1981; Murdoch and Campana 1983; Jeremic et al. 2004) . Recent studies have shown that bacterial species found in the genera identified in our study also possess plant growthpromoting properties (Magnani et al. 2010; Quecine et al. 2012; Witzel et al. 2012; Zhu et al. 2012; Chen et al. 2013; Weber et al. 2013; Wei et al. 2013 ) and this may explain their association with trees often found in nutrient deficient soils. These same properties may also explain what appears to be the promotion by bacterial wetwood of G. australe colonization beyond the heartwood tissue in declining ironwood trees.
Though the occurrence of wetwood is useful in predicting IWTD, why it forms, its role in IWTD, and how to detect it without destructive sampling needs to be determined. Wetwood bacteria appear to be omnipresent in Guam, as K. oxytoca and bacteria with Klebsiella type colonies were consistently isolated across all levels of decline (Table 2) . Although they were not significant predictors of decline, manifestations of bacterial wetwood colonization in the form of percent wetwood and the initiation of ooze were significant (Table 3) . Even though wetwood occurred in 93% of the 30 cross-sections, it only appeared to impact the health of a tree if the percent wetwood area was greater than 55%, which was true for all the DS = 3 and 4 trees and none of the DS = 0 trees (Table 2) . Two R. solanacearum positive trees are show in Fig. 2 ; however, only the tree with ooze and severe wetwood showed heavy decline damage. A possible explanation is that wetwood bacteria are behaving as opportunistic pathogens and might only be contributing to decline when the barrier between heartwood and sapwood is breached as a result of the inhibition of water conduction, which has been shown in the case of Salix (Sakamoto and Sano, 2000) .
Due to the slow progression of IWTD and its general sporadic nature, it is likely that IWTD could be reduced through increasing (1) the genetic diversification of its tree population, (2) removal of R. solanacearum and G. australe infected trees, (3) limiting bacterial movement through equipment and rootgrafts, and (4) the application of cultural practices that promote healthy growth. The presence of R. solanacearum and Klebsiella colony types in symptomless trees seems to support the concept that a tree could possibly remain symptomless though infected with R. solanacearum and wetwood bacteria, provided the percent wetwood area and ooze formation remains minimal.
In conclusion, this study provides evidence that the bacterium R. solanacearum and, to a lesser degree, the fungus G. australe are significant predictors of IWTD on the island of Guam and that further research is required to determine causality. The results of the statistical analyses are aligned with those expected from two primary pathogens acting independent of each other. This is supported by the fact that 33% of DS = 3 trees were positive for R. solanacearum in absence of G. australe while 27% of the trees with G. australe were negative for R. solanacearum. Future research should focus on detection, since the sensitivity of trunk drill shaving to detect early root infection by R. solanacearum is not known nor is the time lag between infection by G. australe and the appearance of fruiting bodies known. There is evidence that wetwood bacteria are playing a supportive role in decline when infection results in a percent wetwood area of 55% or greater and accompanied by early ooze formation. The appearance of both R. solanacearum and K. oxytoca in symptomless and slightly damaged trees raises the possibility that they can exist as asymptomatic infections. The presence of R. solanacearum in asymptomatic trees could also be the result of avirulent isolates or strains . Additional studies and surveys are needed to determine the extent to which ironwood trees in Guam are infected with R. solanacearum, as well as the genetic profile of ironwood isolates. This study provides evidence that the loss of trees on Guam is better described as a disease syndrome than a decline. Facts identified in this study that are common with the concept of disease and contrary to decline included the following: (1) symptomless and unhealthy trees are often found adjacent to each other, (2) specific contributing factors are known, and (3) the condition is not restricted to mature trees. With the establishment that Enterobacter species are capable of causing bacterial wilt of mulberry in China (Wang et al. 2008; Zhu et al. 2011 ), a thorough phytopathogenic evaluation of Guam's ironwood wetwood bacteria is warranted. Studies of the diversity and characteristics of the bacterial flora of ironwood and their interactions with R. solanacearum, G. australe, and termites should provide a better understanding of the ecology of Guam's ironwood trees and the etiology of IWTD.
